Abstract Activity concentrations, inventories and activity ratios of 137 Cs, 238 Pu,
Introduction
Radioactive isotopes of plutonium, americium and caesium released during the atmospheric testing of nuclear weapons, which peaked in the early 1960s, are detected worldwide, including the High Arctic areas (AMAP 1997) . Additionally, the European part of the Arctic is subjected to radioactive contamination from regional sources, such as releases from nuclear industry and nuclear accidents (Dowdall et al. 2003; Gwynn et al. 2004b; Johannessen et al. 2010; Paatero et al. 2012) . However, the knowledge of the levels of contamination with the anthropogenic radionuclides in terrestrial compartments of the Arctic environment is limited. Studies concerned with the land areas of the Arctic are less numerous than studies on the radionuclide distribution in the waters, ice and sediments of the Arctic seas (e.g. Baskaran 2005; Masque et al. 2007; Cámara-Mor et al. 2010; Karcher et al. 2010; Zaborska et al. 2010) . Due to the scarcity of observations, the sources of radionuclides and their deposition fluxes to soils are not well constrained for the Arctic. For Svalbard, data on anthropogenic radionuclide contents in the terrestrial environment can be found only in the synthetic reports (AMAP 1997 (AMAP , 2004 or in few case studies conducted on tundra soils and peats in the Ny-Ålesund and Hornsund areas (Reszka and Szczypa 1991; Dowdall et al. 2003 Dowdall et al. , 2005a Gwynn et al. 2004a, b; Łokas et al. 2013a) . Even, less is known about the distribution of radionuclides in the areas deglaciated since the Little Ice Age, which are an important element of the present day landscape of Svalbard (Rachlewicz et al. 2007 ). These areas are sites of intensive landscape processes associated with reworking of glacigenic sediments and the development of soils (Ziaja 2001 (Ziaja , 2004 Lønne and Lyså 2005; Kabała and Zapart 2009, 2012; Irvine-Fynn et al. 2011b) . Despite the common use of the anthropogenic radionuclides, mostly 137 Cs, in studies of geomorphic processes related to redistribution of soils and sediments (Walling 1998; Zapata et al. 2002; Mabit et al. 2008; Łokas et al. 2010; Van Pelt and Ketterer 2013) , the applicability of these techniques in the forefields of Arctic glaciers has been explored only for identification of sediment sources and estimation of sedimentation rates in proglacial lakes (Hasholt et al. 2000) . The understanding of contents and behaviour of the anthropogenic radionuclides in Arctic soils has also the radioecological importance because soils are a long-term source of radionuclides to the relatively short Arctic food chains. Finally, it can be speculated that the pronounced Arctic climate change affects the fate of radionuclides in soils (Dowdall et al. 2008) . Such processes as, for example, changes in atmospheric circulation patterns (Macdonald et al. 2005) , prolonged thaw periods and increase in the active layer thickness, changing precipitation regimes and intensification of biological processes may influence transfers of radionuclides to and from the Arctic soils. This paper addresses levels and sources of the fallout radionuclides in soil profiles collected at a site representative for the coastal areas of Western Spitsbergen where strandflats covered by the tundra adjoin the recently deglaciated areas (Fig. 1 ). An approach applied in this study combines determinations of activity concentrations and ratios of the fallout radionuclides ( 238 Pu, 239+240 Pu, 241 Am and 137 Cs) in soil profiles with the analyses of soil properties in order to quantify deposition, identify sources, and assess the possibility of postdepositional mobility of these radionuclides. While determinations of radionuclide inventories in soils provide information on their cumulative deposition, only measurements of the vertical patterns of radionuclide activity in soil profiles allow to address temporal variations in deposition fluxes and the post-depositional mobility of radionuclides (Gwynn et al. 2004a, b; Łokas et al. 2013a) . Additionally, the analyses of activity ratios allow identification of the ultimate sources of the radionuclide contamination which can be the global fallout from nuclear weapons testing or the regional sources (Salbu 2001; Łokas et al. 2013a; Van Pelt and Ketterer 2013) . The soil properties investigated in this study, organic matter were collected from proglacial zones of the glaciers, samples 1 and 5 were alluvial materials, and profiles 4, 5, 8, 9, 10 and 11 were collected from tundra content, mineral composition or cation exchange capacity, were shown to influence the soil binding capacity for radionuclides (Cornell 1993; Korobova et al. 2008; Staunton et al. 2002; Solovitch-Vella et al. 2007) . This work provides a comprehensive analysis of the occurrence of the anthropogenic radionuclides in the changing Arctic landscape and outlines potential use of these radionuclides as tracers of material transfers in the glacier-proglacial zone systems.
Materials and methods

Study area and soil sampling
The investigated area is located in the north-western part of the Wedel Jarlsberg Land (Svalbard) between the snouts of the Scott and Renard glaciers and the seashore. Figure 1 presents the study area, sampling locations and positions of the glacier terminuses from 1936 to 2009 (Zagórski 2005; Zagórski et al. 2008 Zagórski et al. , 2012 . The average annual temperature and the average July in the area are about −5 and 5°C, respectively. Temperatures above 15°C are noted occasionally. In winter, the average temperatures range from −8 to −16°C. The amount of precipitation is small, below 400 mm per year. The dominating elements of relief are marine terraces developed as a system of the Pleistocene and Holocene abrasiveaccumulation levels. These landforms were and still are shaped by the Renard and Scott glaciers (Zagórski et al. 2008 (Zagórski et al. , 2011 . The lowest marine terraces consist of sandgravel and gravel-sand formations. Higher terraces are formed by boulder clay and clay-silt series with sands and gravels. The soil parent material comprises the Quaternary deposits of small thickness including slope covers, glacial deposits and fluvioglacial and marine sediments. The retreat of the glaciers and other climatically induced geomorphic processes have been documented for this area through many studies conducted since the 1980s (Piasecki 1988; Merta et al. 1990; Zagórski et al. 2008; Zagórski 2011; Rodzik et al. 2013 ). Soils and their origin, distribution, and properties have been described by Klimowicz and Uziak (1988, 1996) , Melke and Chodorowski (2006) , and Klimowicz et al. (1999 Klimowicz et al. ( , 2009 . Fallout radionuclide contents in the Calypsobyen area were studied only by Reszka and Szczypa (1991) who detected contamination from the Chernobyl accident.
During field campaigns conducted in 2007, ten soil profiles (CAL2-CAL4 and CAL6-CAL12) representative for different soil development stages were collected (Fig. 1) . The cores of 10-14 cm length were collected by pushing a 9.6-cm internal diameter PCV cylinder into soil. The lengths of the retrieved cores were limited by the thickness of the finegrained deposits which were underlain by coarse-grained material. The cores were divided into 2-cm-thick subsamples and were dried at 105°C to constant weight, passed through a 2-mm sieve and prepared for the radionuclide analysis.
The collected profiles represent initial soils (CAL2, CAL3, CAL6, CAL7 and CAL12), tundra soils (CAL4, CAL8, CAL9, CAL10 and CAL11) and fresh alluvial material (CAL1 and CAL5). The initial soils are developing from the recently deposited basal moraines (Kabała and Zapart 2009, 2012) and are characterized by a poor morphological development; the parent material is only slightly modified by the soil-forming processes. The profiles CAL2 and CAL3 were collected from the proglacial zone of the Renard glacier in a closed depression zone and in an old main gate of the glacial river, respectively. The profiles CAL6 and CAL7 were collected from the proglacial zone of the Scott glacier in the vicinity of the lateral and the terminal moraines, respectively, while the profile CAL12 was collected on the terminal moraine of this glacier. The dry tundra profiles CAL4, CAL8, CAL9, CAL10 and CAL11 were classified as brown soils. They were formed as a thin layer underneath sparse vegetation on very permeable sands and gravels of marine terraces (Reszka and Szczypa 1991) . Samples of the fresh alluvial material were collected from the ablation moraine of the Scott glacier (CAL1) and from fresh alluvial deposits of a small stream (CAL5). This material was derived from the products of glacial and aeolian weathering washed down and deposited by proglacial streams.
Radionuclide analyses
Contents of 137 Cs, 238 Pu, 239+240 Pu, 241 Am, as well as soil properties and mineral composition were analyzed in all subsamples. For the 137 Cs analyses samples were packed into 140-ml plastic containers and their activity measured by highresolution gamma spectrometry with an HPGe detector. Activities were determined via the 137m Ba emission peak at 662 keV. Activities of 238 Pu, 239 + 240 Pu and 241 Am were determined in 10-g aliquots of the samples. Chemical recoveries were determined by alpha spectrometric measurements using 242 Pu and 243 Am as the yield tracers. Details of the sequential radiochemical procedure used for the determination of 239+240 Pu, 238 Pu, and 241 Am activities are described in detail in the previous publications (Łokas et al. 2010, 2013a 
Soil properties
Basic physicochemical properties of soils, contents of organic matter and calcium carbonate, pH, textural composition, were determined for each layer of the soil profiles. Organic matter content was determined as the weight loss on ignition by combustion of 1-2-g aliquots in a muffle furnace for 6 h in 550°C. Calcium carbonate content was measured volumetrically after treating samples with excess hydrochloric acid. The uncertainties of the CaCO 3 contents were 5 %. Soil pH in water and in 1 M KCl was measured potentiometrically, with a standard combination glass membrane/silver-silver chloride electrode (Thomas 1996) with the uncertainty of pH 0.002. Analyses of particle size distribution were carried out using a combined sieve-laser method with 1,000 and 500-μm sieves (weight %, 1 phi interval) and FRITSCH Laser Particle Sizer A22C (volume %, ¼ phi interval). Samples with high organic matter content were treated with hydrogen peroxide before the analysis.
Tree profiles, representative for the tundra (CAL4) and the initial (CAL6 and CAL7) soils, were analyzed for mineral composition. Samples were wet ground in methanol for 5 min in McCrone mill with 10 % of zincite as an internal standard (Środoń et al. 2001) . Quantitative XRD (X-ray diffraction) mineral compositions were obtained for all 18 samples with the Rietveld-based AutoQuan computer program. Relative uncertainties of the XRD quantitative analysis were evaluated from measurements performed on artificial mineral mixtures and varied from 1 % for the dominant (70-90 %) to 3 % for the minor (10 %) components and were even higher for the trace components. The performance of the quantitative XRD for the carbonates and clay minerals was confirmed by results of chemical analyses (Środoń 2009 ). The H 2 O and ethylene glycol monoethyl ether (EGME) sorption and cation exchange capacity (CEC) measurements followed the approach of Środoń et al. (2009) and Środoń (2009) . The samples were stabilized in a dessicator to a constant weight over a saturated solution of LiNO 3 . Subsequently, the weight of H 2 O released during heating to 200°C followed by isothermal heating at 200°C for 0.5 h was measured using a thermobalance. The hot sample was transferred to a dessicator with EGME (2-ethoxyethanol). The mass of adsorbed EGME was measured after equilibration and referred to the 200°C mass of the dry sample. The colorimetric cobalt hexamine chloride method for the determination of the CEC was used (Orsini and Remy 1976; Bardon et al. 1983) .
Results
Radionuclide activity concentrations and ratios
Depth distributions of 137 Cs,
239+240
Pu and
241
Am activity concentrations in soil profiles are presented in Table 1 and Fig. 2 . The profiles can be divided into three groups with the undetectable, moderate and high levels of radionuclides. Profiles CAL2 and CAL3, as well as the samples of the fresh alluvial material (CAL1 and CAL5) contained undetectable amounts of 137 Cs (<1 Bq/kg), and activities of other radionuclides in those samples were not determined. In profiles CAL4 and CAL8-CAL12, the radionuclides were contained in the top 4-6 cm of the profiles with maximum activities (up to 180 ±7 Bq/kg for 137 Pu in two lowest layers of CAL7). The highest activities of all radionuclides in profiles CAL6 and CAL7 were found at the depths of 8 and 6 cm, respectively. Pu activity ratios were 0.035±0.005 and 0.023± 0.004 in the only two samples from profiles CAL4 and CAL8, for which the ratios could be determined and varied between 0.049±0.010 and 0.070±0.013 in profiles CAL6 and CAL7. The arithmetic mean of the all determined 238 Pu/ Pu activity ratios in the same profiles ranged between 0.21±0.06 (CAL8) and 1.11±0.14 (CAL4). The average value for all profiles was 0.49±0.06 and was significantly different from the slope of the best fit line (R 2 =0.95) in the 241 Am-
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Pu correlation plot (Fig. 3c) equal to 0.33. The difference between both estimates results from very high activity ratios of two samples.
Physical and chemical properties of soils
The examined soils showed a large variation in organic matter content expressed as loss on ignition (Online Resource 1). Initial soils, in the first stage of development, were characterized by a negligible amount of organic matter (CAL2, CAL3, CAL6, CAL7 and CAL12). The lowest values were measured in the soils lacking clear morphological features of differentiation, which were located in the immediate vicinity of the glacier (CAL2, CAL3). The profiles located farther from the glacier terminus (CAL6, CAL7, CAL12) were subject to the longer periods of organic matter deposition; hence, the organic matter concentrations in those profiles were slightly higher. Organic matter contents in the tundra soils were relatively high, which indicates a certain maturity of these soils. Differences can be observed in the contents of organic matter between the featureless surface-dry tundra (CAL8, CAL11) and morphologically well-developed polygons (CAL9, CAL10) with the better-developed vegetation. Only the surface layers were enriched in humus in the former, while the amount of carbon was high to a depth of several centimetres in the latter. The pH of soils ranged from slightly acidic to alkaline (Online Resource 1). The highest pH was noted in the least developed soils (CAL2, CAL3, CAL6, CAL7 and CAL12) where concentrations of carbonates were very high, ca. 30-40 % (Online Resource 1). A significantly lower pH, from 5.8 to 7.7 (KCl) generally increasing with depth, was recorded in a relatively mature tundra soils (CAL8-CAL11), which can be associated with a long duration of leaching of the carbonate compounds. The most organic soil (CAL4) was characterized by the lowest pH values (5.5-6.4) decreasing with the depth.
The soils studied belong to the following classes according to the USDA textural soil classification (Soil Survey Staff. Soil Taxonomy 1999): silt loams, silts, sandy loams, loamy sands and sands (Online Resource 1). The finer material, silt loams and silts, was present only in CAL2, the profile closest to the glacier. The profiles CAL6 and CAL7 with the enhanced radionuclide levels have different textures: loamy sand and sand, respectively. The texture of CAL12 varies randomly along the profile from sand to sandy loam. The textural properties of particular soil profiles are not related to the degree of soil development. There is also no relation between the soil textures and radionuclide contents: The profile CAL2 containing the finest fractions has no detectable 137 Cs, while the predominantly sandy CAL7 is enriched in all radionuclides.
Mineral composition of soils
All the soils studied contain the same set of detrital minerals: quartz, ordered albite, 2 M 1 dioctahedral mica, Fe chlorite, potassium feldspar, calcite and dolomite (Online Resource 2). Their proportions in all samples are quite constant, with exception of carbonates, which decrease to trace amounts in the profile CAL4, rich in organic matter, and reveal a good correlation with pH. Relative proportions of minerals within the coarse-grained silicates are the same in the organic and in the mineral soils (Ab/Q in Online Resource 2) indicating lack of chemical weathering of silicates. This conclusion is confirmed by the lack of any measureable differences in the XRD characteristics of chlorite within and between profiles, because chlorite is the least resistant to weathering among the detected silicates. The ratio of fine-grained silicates (Ch + Mica) to coarse-grained silicates (Q+Ab+Ksp) is also constant in individual profiles, indicating their textural homogeneity. A trace of goethite was detected below the upper, most organic-rich sample in the profile CAL4 (Online Resource 2).
Plots of the compositional data for different profiles (Fig. 4 ) confirm that the main factor differentiating the mineral composition is the dissolution of carbonates induced by organic matter. The profile CAL7 with negligible organic contents has the most undifferentiated mineral composition, including the carbonates. The profile CAL6, where C org is significantly higher, displays clear depletion of carbonates in more organic-rich samples, and in the organic soil CAL4, this depletion is very distinct.
Amounts of adsorbed water and EGME are well correlated with the amounts of organic matter while no correlation with clay content is observed. Sorption on the organic matter must be then the controlling mechanism, at least in the organic-rich soil samples. A broad range of EGME values for samples without organics indicates control by the surfaces of clays. Similar relationship exists for CEC, which results in a good correlation of the two values for the organic-poor soils (Online Resource 2). For the organic-rich samples also, CEC is a function of the organic matter content. The values of CEC after removal of organics are similar to the values characterizing the organic-poor soils (Online Resource 2).
Discussion
Radionuclide levels
The radionuclide activity concentrations in the tundra profiles CAL4 and CAL8-CAL11 are comparable with the values reported for other Svalbard tundra soils (Dowdall et al. 2005b; Gwynn et al. 2004a, b) , while considerably higher activity concentrations of 137 Cs, 239+240 Pu and 241 Am (up to 305, 7.96 and 2.71 Bq/kg, respectively) were found in the profiles CAL6 and CAL7 collected from the proglacial zone Similarly high values were observed on Svalbard in the organic layers of soils (Dowdall et al. 2005b) and in peats (Łokas et al. 2013a) , but for such organic-rich and low-density deposits, the activity concentrations translate into the whole-profile radionuclide inventories that do not exceed the estimates of atmospheric fluxes for Svalbard (Łokas et al. 2013a ). The 137 Cs inventories in the profiles CAL4 and CAL8-CAL12 (Table 1) are lower than the deposition fluxes (2.2 kBq/m 2 ) reported for Svalbard (Hallstadius et al. 1982; Gwynn et al. 2004a, b) and lower than the soil column inventory of 1.6 kBq/m 2 provided for the Kongsfjord area by Gwynn et al. (2004b) . The estimates of 239+240 Pu deposition from atmospheric weapon testing within the 70°N to 80°N latitude belt are 13.3 Bq/m 2 (Hardy et al. 1973) . Holm et al. (1983) reported for Svalbard Pu (47±6 and 9.9 ±1.5 Bq/m 2 ) are by 1 order of magnitude higher than the above-mentioned reference values. The profile CAL12 collected on the terminal moraine has significant contents of all radionuclides, except the 238 Pu, but their inventories are lower than in the tundra profiles.
The significant spatial variability of activity concentrations of fallout 137 Cs and 239 + 240 Pu in soils was reported for various geographic and climatic settings and attributed to such factors as: links between radionuclide deposition and atmospheric precipitation patterns, spatial heterogeneity and redistribution of snow cover, differences in permeability, density and binding capacities of soils and redistribution of soil particles (Wallbrink et al. 1994; Lettner et al. 2000; Ulsh et al. 2000; Kirchner et al. 2002; Huh and Su 2004) . Sampling and analytical uncertainties contribute to this variability as well (Kirchener 2013) . It is however unlikely that any of these processes might elevate radionuclide contents to the unusually high levels found in profiles CAL6 and CAL7. Indeed, the typical coefficient of variation (CV) for 137 Cs inventories in soils, both for the global and Chernobyl fallout, is about 20 % (Sutherland 1996; Pennock 2000; Kirchener 2013 ). Occasionally, the higher CV values were observed; Ulsh et al. (2000) reported the CV of 40 % for the high altitude sites where 137 Cs deposition on soils is affected by heterogeneities in snow depth. Huh and Su (2004) reported the CV of 68 % for soils representing very variable textures at the site strongly affected by erosive redistribution of soil. In our case, the CV is 170 % for all profiles and 58 % when CAL6 and 7 are excluded. The elevated radionuclide contents in these two profiles must be thus due to some unaccounted for mechanism capable of concentrating fallout radionuclides.
We hypothesize (Łokas et al. 2013b ) that cryoconitesaggregates of mineral and organic substances occurring on glacier surfaces-are the secondary source of the enhanced anthropogenic radioactivity found in the two of our soil profiles. The impurities accumulating on glaciers are mostly of local origin (Bøggild et al. 2010) Pu) were reported in cryoconites from Austrian glaciers (Bossew et al. 2007; Tieber et al. 2009 ). Singh et al. (2013) found high concentrations of heavy metals in cryoconite samples from a glacier located in the Ny-Ålesund area of Svalbard. These lines of evidence suggest that the metallic trace elements, including radionuclides, which are transported in the atmosphere attached to airborne particulate matter, tend to be retained and concentrated in the cryoconite material. The indirect evidence for the role of cryoconites in accumulation of the airborne radionuclides is also available from observations of radionuclide contents in sea-ice sediments (Pfirman et al. 1995; Masque et al. 2003 Masque et al. , 2007 Cámara-Mor et al. 2010) .
The cryoconites are common in the ablation zones of glaciers, particularly those located at high latitudes and high altitudes (Fountain et al. 2004; MacDonell and Fitzsimons 2008; Hodson et al. 2010) . Cryoconite aggregates consist of a mixture of mineral particles, organic substances and living microorganisms, common among them being the filamentous cyanobacteria. The quasi-spherical aggregates increase their size due to the growth of cyanobacteria and physical entrapment of mineral material or by fusion of smaller granules (Takeuchi et al. 2001 (Takeuchi et al. , 2010 . The ability of cryoconite material to retain and concentrate the airborne radionuclides has to be related to metal binding properties of extracellular substances that are excreted by microorganisms in order to immobilize metals and prevent them from entry into the cells. The metals in cationic forms are bound to anionic functional groups such as extracellular polymeric substances (EPS), siderophores and biosurfactants (Gadd 2004; Francis 2007) . In fact, the strong affinity of metals, including radionuclides, to those extracellular substances finds application in bioremediation (Bender and Phillips 2004) . The cryoconite granules can survive several annual freeze-thaw cycles on glacier surface until they disintegrate after reaching diameter of usually not more than ca. 3 mm, and the resulting fragments have the ability to re-grow into separate granules Takeuchi et al. 2001 Takeuchi et al. , 2010 . Such recycling of cryoconite material prolongs its exposition to fallout radioactivity and might lead to the build-up of high radionuclide contents, particularly for the material exposed on glacier surfaces to the peak fallout of the 1960s or to fallout from the Chernobyl accident. Isotope ratios of radionuclides found in Alpine cryoconites point to the global fallout as one of the sources of their radioactive contamination (Bossew et al. 2007; Tieber et al. 2009 ). These observations indicate that cryoconite material may persist on glaciers for periods as long as 40 years.
Because of their low albedo (Takeuchi 2002) , cryoconites facilitate melting of ice leading to formation of holes on the glacier surface (Podgorny and Grenfell 1996; MacDonell and Fitzsimons 2008; Cook et al. 2010) . The development and fate of cryoconites and cryoconite holes are closely interrelated with meltwater generation and with run-off on glacier surfaces. The cryoconite holes are less frequent in more steep and ablation-prone parts of glaciers where, due to the high volumes and energy of run-off, they cannot develop or have short lifespan (Gribbon 1979; Takeuchi et al. 2000; Fitzsimons 2008, 2012) . Once they develop, the cryoconites and cryoconite holes themselves contribute to glacier ablation (Fountain et al. 2004 (Fountain et al. , 2008 MacDonell and Fitzsimons 2008; Bøggild et al. 2010; MacDonell and Fitzsimons 2012) . The role of the cryoconite systems in sediment transfers downstream the glacier is, however, not fully understood (MacDonell and Fitzsimons 2008; IrvineFynn et al. 2011b ). Regardless of the lifespan of individual cryoconite holes, their collapse does not imply removal of cryoconites from glacier surface as the dispersed cryoconite granules initiate formation of new holes Takeuchi et al. (2000) . Time-lapse imaging revealed no net movement of granules in the ablation season (Irvine-Fynn et al. 2011a ). The retainment of cryoconite material is facilitated by existence of the porous weathering crust (Irvine-Fynn et al. 2012 ) that develops on the surfaces of non-temperate glaciers (Müller and Keeler 1969) . Migration of supraglacial streams was proposed as the most common mechanism of cryoconite evacuation from glacier surfaces (Cook 2012) . Once washed down by a stream, the cryoconite granules enter the supraglacial or subglacial drainage system and, even if deposited in the glacier forefront, become diluted by the sediments with low radionuclide contents. The cryoconite holes may be absent near the terminus in high ablation conditions (Gribbon 1979) due to lack of the weathering crust and a continuous flow of melt water. On the other hand, Takeuchi et al. (2000 Takeuchi et al. ( , 2005 reported occurrences of the cryoconite holes near the glacier terminus. Even if the holes are not preserved in the terminal parts of glacier tongues, some fraction of cryoconite granules can be found in deposits of supraglacial streams or dispersed on glacier surfaces (Hodson et al. 2007 ). Occurrences of the seemingly cryoconite-derived material with high radionuclide contents in the glacier forefront indicate that the cryoconite granules can be retained on glacier surface and deposited at the terminus after ice melts out.
The radionuclide levels differ distinctly between the soil profiles representing different landscape units. The profiles CAL6 and CAL7 with the presumably cryoconite-derived elevated radionuclide levels were collected in the part of the Scott Glacier forefield that was deglaciated between years 1960 and 1990 (Fig. 1) . The moderate, typical for Svalbard, levels of radionuclides were found in profiles collected from the dry tundra outside the Holocene extent of the glaciers (CAL4 and CAL8-CAL11) and from the terminal moraine of the Renardbreen (CAL12). The tundra sites, exposed to the atmosphere over the whole period of anthropogenic radionuclide releases, acquired their radionuclide contents primarily from direct atmospheric deposition. Radionuclide inventories in profile CAL12 were lower than in the profiles from tundra pointing to the shorter accumulation period. The terminal moraines of Svalbard valley glaciers were formed during glacier retreat from their maximum extent at the end of Little Ice Age. Sediment deposition at this particular site might began later as the surface of terminal moraines is very unstable due to melting of the ice core and other geomorphic processes. In such conditions, the radionuclides contained in this profile might originate not only from the direct atmospheric deposition but also from the material washed down from the moraine slope. Samples with no detectable radionuclides (CAL1-CAL3 and CAL5) correspond to the fresh alluvial material and to soils collected from the vicinity of the present terminuses of both glaciers. The alluvial material is derived mainly from subglacial weathering and may contain only minute amounts of the debris released from glacial surface.
In general, post-depositional mobility of radionuclides in the High Arctic soils is limited due to a long frost period, low precipitation and lack of bioturbation. Additionally, the CEC and EGME analyses revealed high sorption capacity of the organic-rich tundra soils. The fallout radionuclides were effectively retained in the topmost layers of these profiles. The radionuclides might be mobilized from the proglacial zone profiles, which showed low sorption capacity. Indeed, the activity concentrations in the profile CAL6 remain high down to the bottommost soil layer (Fig. 2) suggesting downwards mobility of radionuclides. However, high activity concentrations at the bottom edge of the profile might also indicate that the accumulation of soil at that particular site began shortly before the peak fallout of the 1960s.
Activity ratios and sources of radionuclides Global fallout of radionuclides from the atmospheric nuclear weapons testing that peaked in 1963 was characterized by the 238 Pu/
239+240
Pu activity ratios (for year 1973) of 0.025 (Hardy et al. 1973; Holm et al. 1983 ). Global contamination with 1 kg of 238 Pu from a SNAP-9A radioisotopic power source carried by the satellite that disintegrated in the atmosphere in April 1964 (UNSCEAR 2000) increased this ratio (for year 1973) to about 0.03-0.05 (Hardy et al. 1973; UNSCEAR 1982) . Decay correction for year 2012 reduces this ratio back to 0.025. The 238 Pu/
Pu activity ratios found in CAL4 and CAL8 agree with the above ratios while the ratios in CAL6 and CAL7 are consistently higher (Fig. 3, Table 1 ), suggesting contributions from other than the global fallout sources of plutonium in these two profiles. The possible sources of material with enhanced Pu signatures of these sources are distinctly different than the signature of the global fallout, even relatively small additions of these materials might considerably increase the apparent 238 Pu/ 239 + 240 Pu ratio. Contamination by the radioactive waste from nuclear fuel reprocessing plants is found in the marine environment around Svalbard (Zaborska et al. 2010) , and contamination delivered to the Kara Sea by the Ob and Irtysh rivers is transported by sea currents westwards (Cámara-Mor et al. 2010; Masque et al. 2007 ). However, the transfer of marine contamination to the terrestrial environment may occur only through the deposition of sea spray on land and via animals feeding on sea organisms, mostly birds nesting on the ground. Deposition of contaminated sea spray decreases with the distance from sea shore and should be more pronounced in the nearshore profiles than in the profiles CAL6 and CAL7, located 1 km from the shore behind the ridge of the terminal moraine. Enhanced activities of radionuclides were found in soils below bird colonies on Svalbard (Dowdall et al. 2005c ); nevertheless, no bird colonies occur in the vicinity of our sampling sites. The Chernobyl accident may be excluded as a significant source of plutonium contamination on Svalbard since although some amounts of this element were released, they were transported mostly attached to relatively large aerosols ("hot particles") which were not found further north than the Southern Finland (Paatero et al. 2010; Salminen-Paatero et al. 2014 Cs correlation plot (Fig. 3b) which is found to be 0.026. These values are lower than the decay-corrected value of~0.05 expected for the year 2012 (Beck and Krey 1983) . Similar values (0.027-0.035) were observed on Svalbard by Gwynn et al. (2004a) . Cooper et al. (1998) Pu activities. Indeed, the reported ratios vary from 0.3 to 0.65 (Holm et al. 1983; Smith et al. 1997; Gwynn et al. 2005; Łokas et al. 2013a ). The usefulness of observed 241 Am/
Pu ratios to infer the sources of radionuclides is therefore limited.
Conclusions
The survey of artificial radionuclides ( 137 Cs, 238 Pu, 239+240 Pu, 241 Am) in shallow soil profiles collected from the dry Arctic tundra and the adjoining proglacial zones revealed the large range of activity concentrations and inventories. At one extreme, 137 Cs was not detectable in the vicinity of glacier terminuses and in the alluvial deposits of proglacial streams. Lack of 137 Cs indicates that these materials were derived either from subglacial weathering of bedrock or from reworking of glacial deposits which were previously not exposed to atmospheric fallout of anthropogenic radionuclides. At another extreme, two soil profiles collected in the area uncovered by the retreating glacier between 1960 and 1990 show unusually high activity concentrations and inventories of all radionuclides studied. The elevated contents of the fallout radionuclides found at these two locations can be explained by the action of cryoconites, aggregates of airborne dust, organic matter and microorganisms that develop on glacier surfaces and are deposited in proglacial zones of the retreating glaciers. The ability of cryoconites to retain and concentrate the airborne radionuclides might be related to extracellular substances excreted by microorganisms in order to immobilize metals and prevent them from entry into the cells. The high enrichment of cryoconites with the radionuclides is facilitated by the long persistence of cryoconite granules on glacier surfaces. The intermediate radionuclide levels were found in the soil profiles collected from the dry tundra outside the proglacial areas. The inventories of the tundra profiles fall within the range of atmospheric deposition fluxes reported for Svalbard because the tundra sites were exposed to only the direct atmospheric fallout of the radionuclides.
Of the physical and chemical properties of soils, only the organic matter content influences radionuclide behaviour. The tundra profiles were distinctly enriched in organic matter and depleted in carbonates in comparison with the proglacial zone profiles. The organic-rich topmost layers of the tundra profiles effectively retained the fallout radionuclides. The proglacial zone profiles were composed mostly of the unweathered mineral material and revealed low sorption capacity. The post-depositional mobility of radionuclides in the proglacial zone profiles cannot be excluded; however, its extent in the High Arctic conditions is probably limited.
The 238 Pu/ 239 + 240 Pu and 239 + 240 Pu/ 137 Cs activity ratios in the proglacial soils pointed to possible contributions of these radionuclides from other, unidentified sources. The 238 Pu/ 239 + 240 Pu ratios in the two soils with enhanced radioactivity levels significantly exceed the mean global fallout ratio. Contribution of plutonium from regional sources characterized by the high 238 Pu/ 239 +240 Pu ratios was excluded because contamination originating from the nuclear installations and contaminated sites in Northern Eurasia is confined to the marine environment around Svalbard.
A survey of fallout radionuclide contents in soils and finegrained deposits of a proglacial zone can provide insights into the dynamics of deglaciation and pathways of material transfers within the glacier-proglacial zone system. Lack of fallout radionuclides indicates areas recently uncovered by glaciers or accumulations of material originating from such areas. Occurrences of deposits with radionuclide inventories elevated above the atmospheric deposition flux mark areas uncovered after 1960s where deposition of the radionuclideenriched cryoconite granules occurred. The intermediate levels of radionuclides arise as a result of either limited exposure to the atmospheric fallout or deposition of the reworked deposits.
